INTRODUCTION {#sec1}
============

Feline leukemia virus (FeLV) is a retroviral infection of cats that is transmitted mainly through saliva, although other body fluids can transmit the virus as well ([@B1], [@B2]). Infected cats demonstrate a wide range of clinical signs, including cytoproliferative disorders (lymphoid or myeloid tumors), cytosuppressive disorders (infectious diseases associated with immunosuppression, anemia, myelosuppression), inflammatory disorders, neurological disorders, abortions, enteritis, and more ([@B3], [@B4]).

The outcome of FeLV exposure is dependent on a variety of factors, including host immune status, host age, viral strain, viral load, and exposure route. Previous classifications, including the classifications of persistent antigenemia, transient antigenemia, and elimination of infection, were mainly defined by tests for antigenemia (p27 enzyme-linked immunosorbent assay \[ELISA\]), virus isolation, and immunofluorescence assays ([@B3], [@B5]). Tests for antigenemia are highly useful in clinical applications and in determining whether the clinical disease is a result of actively circulating virus.

The use of PCR testing for FeLV infection has altered the understanding of the pathophysiology and clinical course of FeLV infection ([@B6][@B7][@B9]). PCR can detect low levels of viral RNA circulating in the bloodstream as well as low levels of proviral DNA integrated into the cat\'s genome, resulting in more sensitive assays for FeLV status. Because of PCR testing, it is now generally accepted that there are three major outcomes for cats that are exposed to FeLV: progressive, regressive, and abortive infections ([@B2], [@B6], [@B10]).

Progressive infection is characterized by an inadequate immune response to FeLV infection. In these cats, the virus will actively replicate and circulate in blood, bone marrow, and tissues. FeLV is spread in the saliva of these cats, and they typically succumb to FeLV infection within years. These cats will test positive for FeLV antigenemia (p27 antigen) by ELISA and test positive for viral RNA and proviral DNA by PCR ([@B2], [@B6], [@B10]).

Regressive infection is characterized by an effective immune response, with viral containment occurring shortly after infection. There may be transient antigenemia, as tested by p27 ELISA. These cats do test positive for proviral DNA and may test transiently or persistently positive for viral RNA. These cats are at little risk for succumbing to FeLV-associated disease and do not spread the virus ([@B2]). In fact, some of these cats that have low concentrations of proviral DNA with little to no circulating viral RNA may completely clear the infection with time, resembling an abortive infection ([@B6]). However, there may be an association of persistently high proviral DNA and viral RNA concentrations with reactivation of the infection ([@B6], [@B7], [@B11], [@B12]).

Cats that develop an abortive infection are able to completely clear the virus and will test negative for the p27 antigen, viral RNA, and proviral DNA. To date, there are no large-scale prevalence studies in North America based on PCR results and on the classification of cats as developing regressive, progressive, or abortive infections. All current prevalence studies are based on the detection of persistent antigenemia by p27 ELISA. The most recent large-scale seroprevalence study conducted in the United States demonstrated that 2.3% of 18,000 cats tested seropositive for FeLV ([@B13]). Based on this and previous studies, the rates of FeLV infection appear to be decreasing, most likely due to effective vaccination protocols ([@B13], [@B14]). However, different vaccines have been shown to have various degrees of efficacy ([@B15]). To demonstrate true efficacy, vaccines should be tested by a challenge model, and FeLV testing using at least p27 ELISA, PCR for viral RNA, and PCR for proviral DNA should be conducted. PCR testing is of paramount importance in determining the true FeLV status in challenged vaccinated or unvaccinated cats.

Four vaccines for FeLV are available in the United States, including two whole-virus adjuvanted killed vaccines; a dual-adjuvanted, multiple-antigen vaccine; and a nonadjuvanted, canarypox virus-vectored vaccine. Previous work has demonstrated the efficacy of whole-virus adjuvanted killed vaccines after challenge, including testing vaccinated and unvaccinated cats for viral RNA, proviral DNA, FeLV antibodies, and the p27 antigen ([@B16][@B17][@B18]). There are limited data evaluating the efficacy of the nonadjuvanted recombinant FeLV vaccine available for use ([@B19]). Therefore, the purpose of this study was to compare the efficacy of two commercially available feline leukemia vaccines, Nobivac feline 2-FeLV (an inactivated whole-virus vaccine) and PureVax recombinant FeLV (a live canarypox virus-vectored vaccine) following challenge with virulent feline leukemia virus.

MATERIALS AND METHODS {#sec2}
=====================

Study animals. {#sec2-1}
--------------

Thirty-two 8-week-old cats were enrolled in the study. All cats tested negative for FeLV infection by p27 ELISA (optical density \[OD\], \<0.200; IDEXX, Westbrook, ME) prior to vaccination, booster, and challenge. Cats were housed separately during the vaccination phase of the study. During the challenge phase, placebo cats were randomly divided and housed with each of the vaccinated groups. All cats were housed to meet the 9 CFR USDA Animal Welfare Regulations (chapter 1) ([@B20]) and the Institutional Animal Care and Use Committee (IACUC) guidelines. Cats were observed daily throughout the course of the study and were euthanized if they became unwell or at the end of the study. All male cats were castrated at 21 weeks of age according to standard veterinary procedures.

Immunization. {#sec2-2}
-------------

The vaccines were administered subcutaneously to cats at 9 and 12 weeks of age with the Nobivac feline 2-FeLV vaccine (group A, *n* = 11) or the PureVax recombinant FeLV vaccine (group B, *n* = 10), per the manufacturer\'s label. Cats in group C (*n* = 11) served as age-matched, unvaccinated controls. Injection site and systemic reactions were noted (if present) 4 to 8 h after vaccination, daily for 2 days following vaccination, and 1 to 2 times per week thereafter until challenge. The Nobivac feline 2-FeLV vaccine is a whole-virus adjuvanted killed vaccine that contains FeLV subtype A/Rickard strain. The PureVax recombinant FeLV is a nonadjuvanted canarypox virus-vectored vaccine that contains mutated *env*, *gag*, and part of the *pol* proteins of the FeLV subtype A/Glasgow-1 strain.

Challenge. {#sec2-3}
----------

Viral challenge occurred 3 months after the second vaccination. Blood was collected for PCR testing prior to challenge. During the entire challenge phase of the study, the placebo-vaccinated cats were randomly divided and comingled with the commercially vaccinated groups. Commercially vaccinated groups remained separate from each other. On the day of challenge, all cats were administered methylprednisolone acetate (MPA) intramuscularly at a dose of 10 mg/kg of body weight ≥4 h prechallenge. Three ml of feline leukemia virus (10^5.5^ PFU/ml), strain 61E (subtype A) grown on NCE-F161 cells, was administered via the oronasal route. Pre- and postchallenge samples of the virus were back titrated to check the concentration on clone 81 cells. One week postchallenge, all cats were administered 10 mg/kg of methylprednisolone acetate (MPA) intramuscularly. From alignment and analysis of amino acid sequences of vaccine and challenge viruses, this is considered a heterologous challenge.

Sample collection and monitoring. {#sec2-4}
---------------------------------

The cats were observed daily for clinical signs of illness. Blood samples were collected weekly in acid-citrate-dextrose (ACD) tubes for 3 to 10 weeks postchallenge, in EDTA tubes for 3 to 9 weeks postchallenge, and in serum-separating tubes (SSTs) on weeks 11 and 12 postchallenge. Blood from SSTs was allowed to clot at room temperature and centrifuged to obtain serum. Serum and ACD blood samples were tested for antigenemia by p27 ELISA (PetCheck; IDEXX, Portland, OR; performed by Merck Animal Health, Elkhorn, NE). Blood samples from EDTA tubes were tested by quantitative PCR (qPCR) for viral RNA and proviral DNA (Zoologix, Inc., Chatsworth, CA). All personnel testing laboratory samples and performing clinical observations were blinded to the treatment groups.

ELISA to detect antibodies to FeLV. {#sec2-5}
-----------------------------------

FeLV antibody detection on serum samples was performed by indirect ELISA. Briefly, plates were coated with a capture antigen (1:1,000 dilution, swine pox virus expressing FeLV gp70 glycoprotein). Plates were washed once with phosphate-buffered saline Triton X-100 (PBST) and incubated with a blocking buffer (5% fish gelatin) for 90 min at 36°C. Plates were washed once with PBST and incubated with the positive-control, negative-control, and test samples (diluted 1:250) in triplicate at 36°C for 90 min. Plates were washed 4 times with PBST and incubated with goat anti-cat IgG(H+L) peroxidase conjugate (Kirkegaard and Perry Laboratories, Inc.) as a 1:10,000 dilution at 36°C for 90 min. Plates were washed 4 times with PBST, and a 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Kirkegaard and Perry Laboratories, Inc.) was added to each well. The plates were incubated at 36°C for 20 min. Then, 100 μl of 1.5 M phosphoric acid was added to the wells to stop the reaction. The absorbance of each well was measured at 650 nm, and the mean OD of the blank wells was subtracted from the controls and samples. The status of a sample was evaluated by the sample-to-positive ratio (S/P ratio). The sample-to-positive ratio was calculated as follows: S/P ratio = \[(sample OD − negative-control OD)/(positive-control OD − negative-control OD)\].

ELISA to detect FeLV p27 antigen. {#sec2-6}
---------------------------------

FeLV p27 antigen testing on serum samples was performed by ELISA (PetCheck; IDEXX, Portland, OR). Briefly, 50 μl of serum or plasma was added to anti-p27 antigen-coated wells; then, 50 μl of horseradish peroxidase conjugate was added to each well. Plates were incubated for 5 min at 15°C to 30°C and then washed 5 times with wash buffer. The TMB substrate (100 μl per well) was then added, and the plate was incubated for 5 min at 15°C to 30°C. Following incubation, 50 μl of stop solution was then added to each well, plates were read visually, and absorbance was measured. The development of a distinct blue color was considered positive for FeLV p27 antigen as a visual measurement. The absorbance of each well was also measured at 650 nm, and samples were considered positive if the OD was \>0.200.

Real-time reverse transcription PCR to detect FeLV viral RNA and real-time PCR to detect FeLV DNA. {#sec2-7}
--------------------------------------------------------------------------------------------------

FeLV proviral DNA and plasma viral RNA loads were quantified using real-time PCR (qPCR) and real-time reverse transcription PCR (RT-qPCR), respectively. For DNA extraction, 200 μl of EDTA whole blood was extracted using the Qiagen blood DNA minikit (Qiagen, Valencia, CA). DNA was eluted in a Tris-EDTA (TE) buffer. For RNA extraction, approximately 600 μl of EDTA whole blood was spun down to separate out the plasma from the cell layer. A total of 140 μl of plasma was used for RNA extraction using the Qiagen Viral RNA extraction kit (Qiagen, Valencia, CA). RNA was eluted in sterile water.

Proviral DNA was quantitated by real-time PCR (Zoologix, Inc., Chatsworth, CA). The limit of detection was approximately 400 copies of DNA/1 ml. Plasma viral RNA was quantitated by real-time RT-PCR in a one-step reaction (Zoologix, Inc., Chatsworth, CA). The limit of detection was approximately 1,000 copies of RNA/1 ml. Primers and TaqMan probes were the same as used in previous studies and methodology ([@B11], [@B21]). The primers and probes were directed against the unique region (U3) of the long terminal repeat (LTR) of FeLV types A, B, and C. Endogenous FeLV sequences are not detected based on this primer selection.

The viral load of each sample was determined by comparing the sample threshold cycle (*C~T~*) with the coamplified standard curve. Both RNA and DNA standards were cloned U3 regions of FeLV subtype A/Glasgow-1, as per previous studies and methodology ([@B11], [@B21]). Ten-fold dilutions from 10^9^ to 10^−2^ copies/5 μl were used to generate the standard curve.

Necropsy. {#sec2-8}
---------

Three cats were euthanized during the challenge phase of the study due to adverse reactions to MPA administration (weight loss, dehydration, and lethargy). One cat did not recover from anesthesia during the course of the study shortly after blood collection. Necropsy was performed on all of these cats at the Cornell University Animal Health Diagnostic Center. The remaining cats were euthanized at the conclusion of the study.

*In vivo* infectivity analysis. {#sec2-9}
-------------------------------

Following challenge, blood was collected from persistently viremic control cats. Peripheral blood mononuclear cells (PBMCs) were isolated and stimulated for 4 days with Con-A and then cocultured with Crandell-Rees feline kidney (CRFK) cells. The supernatant was harvested and stored in liquid nitrogen until use. Five nonvaccinated control cats were then challenged oronasally with 10^5.7^ PFU/cat for 2 consecutive days. At ≥4 h prechallenge and 1 week postchallenge, cats were administered 10 mg/kg of methylprednisolone acetate (MPA) intramuscularly. Persistent viremia was measured by ELISA to detect the p27 antigen (see "ELISA to detect FeLV p27 antigen," above).

Data analysis. {#sec2-10}
--------------

Persistent FeLV antigenemia was defined as the presence of the FeLV p27 antigen in serum or plasma, detected by ELISA, for 3 consecutive weeks between the 3rd and 12th week postchallenge or for ≥5 occasions, consecutive or not. The incidence of persistent FeLV antigenemia was compared between the vaccinated groups and between the controls and vaccinated groups using Fisher\'s exact test in SAS 9.3, where *P* values of \<0.05 indicate a significant difference. Further statistical analysis for each week was performed between the vaccinated groups and between the controls and vaccinated groups using the Wilcoxon exact rank sum test (Mann-Whitney U test). Statistical significance was set at a *P* value of \<0.05. Statistical analysis using the Wilcoxon exact rank sum test was performed between the vaccinated groups and the vaccinated groups and controls (*P* \< 0.05).

Plasma viral RNA (viremia) and proviral DNA were analyzed by qRT-PCR and qPCR, respectively. The log~10~ DNA titer and the log~10~ RNA titer were analyzed separately by the Wilcoxon exact rank sum test (also called the Mann-Whitney U test) between the vaccinated groups and between the controls and vaccinated groups. Statistical significance was set at a *P* value of \<0.05. Additionally, the percentage of positive results (DNA or RNA titer \> 0) between vaccinated groups and between the controls and vaccinated groups was analyzed by Fisher\'s exact test. Statistical significance was set at a *P* value of \<0.05. The prevented fraction to determine vaccine efficacy was calculated as follows: 1 − \[(incidence of persistent antigenemia in vaccinates)/(incidence of persistent antigenemia in controls)\].

RESULTS {#sec3}
=======

Antibodies to FeLV postvaccination and prechallenge. {#sec3-1}
----------------------------------------------------

Antibodies (IgG) to FeLV were detected using indirect ELISA. All cats were negative for the FeLV antibody on study day 0, prior to vaccination. Ten of 11 cats in the Nobivac feline 2-FeLV group were positive for the FeLV antibody on study days 20 (S/P ratio, 3.0544 ± 1.007) and 111 (S/P ratio, 1.002 ± 0.48). One cat was not tested on study day 20 due to a low serum sample volume. All cats in the PureVax recombinant FeLV group as well as the control group remained negative for the FeLV antibody through the entire vaccination phase. Levels of the IgG antibody in cats that received Nobivac feline 2-FeLV were significantly higher at days 20 and 111 than in those that received Purevax recombinant FeLV (*P* = 0.00) and in controls (*P* = 0.00) ([Fig. 1](#F1){ref-type="fig"}).

![Serum IgG antibodies to FeLV vaccination phase. All cats were negative for FeLV antibody prior to vaccination on study day 0. Ten of 11 cats in the Nobivac feline 2-FeLV group were positive for FeLV antibody on study days 20 (average S/P ratio, 3.0544 ± 1.007) and 111 (average S/P ratio, 1.002 ± 0.48). The PureVax recombinant FeLV-vaccinated cats and control-group cats remained antibody negative during the vaccination phase of the study. Statistically significant (*P* = 0.00) differences were seen between the Nobivac feline 2-FeLV group and the Purevax recombinant FeLV group (\*) and the control group (\*\*).](zcd9990952210001){#F1}

FeLV p27 antigen (persistent antigenemia) and vaccine efficacy. {#sec3-2}
---------------------------------------------------------------

FeLV persistent antigenemia was determined by p27 ELISA to detect circulating viral antigen in blood. The development of a distinct blue color combined with an OD of \>0.200 was considered positive. Following challenge, 10 of 11 (91%) control cats developed persistent antigenemia (average challenge phase OD, 0.726). No cats (0 of 11) in the Nobivac feline 2-FeLV group became persistently viremic (average challenge phase OD, 0.047). In comparison, 5 of 10 cats (50%) vaccinated with Purevax recombinant FeLV became persistently FeLV viremic (average OD, 0.445) ([Fig. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

![p27 antigen, proviral DNA, and viral RNA results by weeks postchallenge. All cats were tested for p27 antigen, FeLV plasma viral RNA, and FeLV proviral DNA. Cats in the Nobivac feline 2-FeLV group were negative for p27 antigen throughout the postchallenge period; 50% of the PureVax-vaccinated cats and 91% of the control-group cats became persistently antigenemic postchallenge. At week 9 postchallenge, plasma viral RNA was detected in 1 of 11 (9%) of the Nobivac feline 2-FeLV-vaccinated cats, in 6 of 10 (60%) of the PureVax recombinant FeLV-vaccinated cats, and in 9 of 11 (82%) of the unvaccinated control cats. From weeks 7 to 9, viral RNA loads were significantly lower in the Nobivac group than in the PureVax recombinant FeLV group (*P* \< 0.01). Proviral DNA was detected in 1 of 11 (9%) of the Nobivac feline 2-FeLV-vaccinated cats, in 6 of 10 (60%) of the PureVax recombinant FeLV-vaccinated cats, and in 9 of 11 (82%) of the unvaccinated control cats. From weeks 6 to 9, cats in the Nobivac feline 2-FeLV group had significantly lower proviral DNA loads than those in the PureVax recombinant FeLV group (*P* \< 0.02).](zcd9990952210002){#F2}

![FeLV persistent antigenemia. FeLV p27 antigen ELISA to detect persistent antigenemia in the three groups (group A, Nobivac feline 2-FeLV; group B, PureVax recombinant FeLV; group C, control). Optical densities (OD) ≥0.200 were considered positive for the FeLV p27 antigen. Testing was performed during both the vaccination and challenge phases of the study. Percentages of cats persistently antigenemic were calculated at 0% for the Nobivac feline 2-FeLV group, 50% for the PureVax recombinant FeLV group, and 91% for the control group.](zcd9990952210003){#F3}

Nobivac feline 2-FeLV had a demonstrated vaccine efficacy of 100% (prevented fraction) compared to the control group. The prevented fraction for the PureVax recombinant FeLV group was calculated at 45% compared to the control group. Compared to both the control group and the PureVax recombinant FeLV group, the protection conferred by Nobivac Feline 2-FeLV was significantly higher (*P* \< 0.0001 and *P* = 0.0124, respectively). There was no significant difference between the PureVax recombinant FeLV group and the control group (*P* = 0.0635) ([Table 1](#T1){ref-type="table"}).

###### 

Prevented fraction based on persistent antigenemia

  Group   Treatment                  Persistent antigenemia (%)   Prevented fraction (%)[^*a*^](#T1F1){ref-type="table-fn"}
  ------- -------------------------- ---------------------------- -----------------------------------------------------------
  A       Nobivac feline 2-FeLV      0                            100
  B       PureVax recombinant FeLV   50                           45
  C       Placebo control            91                           

Prevented fraction was calculated for all groups using the equation 1 − \[(incidence of persistent antigenemia in vaccinates)/(incidence of persistent antigenemia in controls)\]. Statistically significant differences in protection were seen when the Nobivac feline 2-FeLV group was compared to the control group and to the PureVax recombinant FeLV group (*P* \< 0.0001 and *P* = 0.0124, respectively). There was no significant difference between the PureVax recombinant FeLV group and the control group (*P* = 0.0635).

Persistent antigenemia data were statistically analyzed using the Wilcoxon exact rank sum test. The groups were compared on day −1 (prechallenge) and then weekly postchallenge from weeks 3 to 12. Higher levels of p27 antigen were seen in the Purevax recombinant FeLV vaccinates and controls than in the Nobivac feline 2-FeLV vaccinates at all time points. Statistically significant differences were seen between the Nobivac feline 2-FeLV and PureVax recombinant FeLV groups at weeks 3, 4, 6 to 9, and 11 postchallenge (*P* \< 0.01). Statistically significant differences were seen between the Nobivac feline 2-FeLV and control groups at all time points (*P* \< 0.03). No statistically significant differences were seen between PureVax recombinant FeLV groups and control groups at any time point (*P* \> 0.08) ([Fig. 4](#F4){ref-type="fig"}).

![FeLV p27 antigenemia ELISA data. FeLV p27 antigen ELISA to detect persistent antigenemia in the three groups (group A, Nobivac feline 2-FeLV; group B, PureVax recombinant FeLV; group C, control group). Optical densities (OD) ≥ 0.200 were considered positive for the FeLV p27 antigen. Statistically significant differences were seen between the Nobivac feline 2-FeLV and control groups at all time points (*P* \< 0.03). Statistically significant differences were seen between the Nobivac feline 2-FeLV and PureVax recombinant FeLV groups at weeks 3, 4, 6 to 9, and 11 postchallenge (\*, *P* \< 0.01). No statistically significant differences were seen between the PureVax recombinant FeLV and control groups at any time points (*P* \> 0.08).](zcd9990952210004){#F4}

Plasma viral RNA. {#sec3-3}
-----------------

The circulating plasma viral RNA load was determined by a real-time RT-PCR assay from 3 to 9 weeks postchallenge to determine whether FeLV vaccination would prevent circulating viral nucleic acid persistence (active replication). At the end of the challenge, plasma viral RNA was detected in 1 of 11 (9%) of the Nobivac feline 2-FeLV-vaccinated cats, in 6 of 10 (60%) of the PureVax recombinant FeLV-vaccinated cats, and in 9 of 11 (82%) of the unvaccinated control cats. Viral RNA concentrations were low for the Nobivac feline 2-FeLV-vaccinated group at \<1 × 10^6^ copies/ml at all time points except for week 3 (median, 1.5 × 10^5^ copies of RNA/ml; range, 3.3 × 10^3^ to 3.7 × 10^9^ copies of RNA/ml). In contrast, 5 of the 9 PureVax recombinant FeLV-vaccinated cats had plasma viral RNA concentrations exceeding 1 × 10^6^ copies/ml for the majority of the time points that they were positive (median, 1.0 × 10^8^ copies of RNA/ml; range, 5.3 × 10^3^ to 1.7 × 10^11^ copies of RNA/ml). Ten of 11 control cats tested positive for plasma viral RNA at concentrations exceeding 1 × 10^6^ copies/ml for the majority of testing (median, 6.5 × 10^8^ copies of RNA/ml; range, 5.9 × 10^7^ to 4.7 × 10^11^ copies of RNA/ml). Concentrations of viral RNA between the groups were compared using the Wilcoxon exact rank sum test. Plasma viral RNA loads were significantly lower in the Nobivac feline 2-FeLV-vaccinated group than in the control group at all time points (*P* \< 0.01). Plasma viral RNA loads were significantly lower in the Nobivac feline 2-FeLV-vaccinated group than in the PureVax recombinant FeLV-vaccinated group from weeks 7 to 9 (*P* \< 0.01). There was a strong association seen between plasma viral RNA loads and persistent antigenemia ([Fig. 2](#F2){ref-type="fig"} and [5](#F5){ref-type="fig"}).

![FeLV plasma viral RNA and proviral DNA results by PCR. Quantitative detection of FeLV virus in proviral DNA by real-time PCR and in plasma viral RNA by reverse transcription real-time PCR. The limit of detection for DNA was approximately 400 copies of DNA/1 ml. The limit of detection for RNA was approximately 1,000 copies of RNA/1 ml. At the end of the challenge, proviral DNA and plasma viral RNA were detected in 1 of 11 (9%) of the Nobivac feline 2-FeLV-vaccinated cats, in 6 of 10 (60%) of the PureVax recombinant FeLV-vaccinated cats, and in 9 of 11 (82%) of the unvaccinated control cats. Statistically significant differences were seen between the Nobivac feline 2-FeLV and control groups at all time points for plasma viral RNA and proviral DNA (both *P* \< 0.01). Statistically significant differences were seen between the Nobivac feline 2-FeLV and PureVax recombinant FeLV groups between weeks 7 and 9 for plasma viral RNA (*P* \< 0.01) and between weeks 6 and 9 for proviral DNA (*P* \< 0.02).](zcd9990952210005){#F5}

Plasma proviral DNA. {#sec3-4}
--------------------

Circulating proviral DNA loads were determined by quantitative PCR assay from 3 to 9 weeks postchallenge to determine whether FeLV vaccination would prevent nucleic acid persistence. At the end of the challenge, proviral DNA was detected in 1 of 11 (9%) of the Nobivac feline 2-FeLV-vaccinated cats, in 6 of 10 (60%) of the PureVax recombinant FeLV-vaccinated cats, and in 9 of 11 (82%) of the unvaccinated control cats. All cats except one in the Nobivac feline 2-FeLV-vaccinated group had proviral DNA concentrations below 1 × 10^6^ copies/ml (median, 2.2 × 10^5^ copies of proviral DNA/ml; range, 1.5 × 10^3^ to 1 × 10^9^ copies of proviral DNA/ml). In contrast, 5 of the 10 proviral DNA positive PureVax recombinant FeLV-vaccinated cats had proviral concentrations \>1 × 10^6^ for the majority of the study (median, 2.1 × 10^9^ copies of proviral DNA/ml; range, 8.6 × 10^4^ to 4.1 × 10^11^ copies of proviral DNA/ml). Ten of 11 control cats tested positive for proviral DNA at concentrations exceeding 1 × 10^6^ copies/ml for the majority of testing (median, 1.7 × 10^10^ copies of proviral DNA/ml; range, 8.3 × 10^5^ to 1.8 × 10^12^ copies of proviral DNA/ml). Concentrations of proviral DNA between the groups were compared using the Wilcoxon exact rank sum test. Proviral DNA loads were significantly lower in the Nobivac feline 2-FeLV-vaccinated group than in the control group (*P* \< 0.01). In addition, the Nobivac feline 2-FeLV-vaccinated group had significantly lower proviral DNA loads than the PureVax recombinant FeLV-vaccinated group from weeks 6 to 9 (*P* \< 0.02). Proviral DNA loads were strongly associated with persistently viremic cats ([Fig. 2](#F2){ref-type="fig"} and [5](#F5){ref-type="fig"}).

Adverse events and clinical disease. {#sec3-5}
------------------------------------

One cat (group B, PureVax recombinant FeLV) did not recover from anesthesia following the week 7 blood collection. Additionally, 3 cats (2 in group B \[PureVax recombinant FeLV\] and 1 in group C \[control group\]) were euthanized during the course of the study due to weight loss, dehydration, and lethargy secondary to MPA administration. No fever or clinical signs were observed in any of the vaccinated or control groups due to FeLV infection.

*In vivo* infectivity analysis. {#sec3-6}
-------------------------------

Four of the 5 naive control cats (80%) demonstrated persistent antigenemia as measured by p27 ELISA for the infectivity analysis.

DISCUSSION {#sec4}
==========

This study reinforced previous work demonstrating the efficacy of killed, whole-virus adjuvanted vaccines in protecting against a feline leukemia virus challenge ([@B16][@B17][@B18]). In this study, the FeLV p27 antigen could not be detected in any of the cats vaccinated with Nobivac feline 2-FeLV, a killed whole-virus adjuvanted FeLV vaccine, at any point in the 12 weeks postchallenge. The prevented fraction calculated for the Nobivac feline 2-FeLV vaccine was 100%. This is consistent with prevented fractions in previous studies using this vaccine, which ranged from 90% to 100% ([@B16][@B17][@B18]). In contrast, 5 of 10 (50%) cats that were vaccinated with the nonadjuvanted, live canarypox-vectored vaccine (PureVax recombinant FeLV) tested positive for the FeLV p27 antigen. The prevented fraction calculated for the PureVax recombinant FeLV vaccine was 45%. This prevented fraction was higher than that seen in a previous report with a recombinant canarypox virus-vectored vaccine, which was 20% ([@B19]). Ten of 11 (91%) control cats were positive for the FeLV p27 antigen, demonstrating a strong viral challenge. Significantly higher levels of p27 antigen were measured at weeks 3, 4, 6 to 9, and 11 postchallenge (*P* \< 0.01) in the PureVax recombinant FeLV-vaccinated cats compared to the Nobivac feline 2-FeLV-vaccinated cats. Furthermore, it was found that vaccination with the Nobivac feline 2-FeLV vaccine produced detectable levels of IgG directed against FeLV prechallenge. Ten of 11 cats in this group tested positive for FeLV-specific antibodies at day 20 and day 111. No antibodies could be detected in either the PureVax recombinant FeLV-vaccinated or control groups, and this difference was statistically significant (*P* = 0.00).

These results support the finding that vaccination with killed, whole-virus adjuvanted vaccines can help to prevent persistent antigenemia. Clinically, this is highly relevant based on the availability of in-clinic diagnostic tests relying on the presence of a viral antigen. Vaccination with the nonadjuvanted, live canarypox-vectored vaccine did not confer the same level of protection, based on persistent antigenemia and immunoglobulin testing. In this study, it appears that vaccination with the killed, whole-virus adjuvanted Nobivac feline 2-FeLV vaccine can help to prevent active viral replication after severe challenge.

Both the vaccines and the challenge virus contained FeLV subtype A. Only FeLV subtype A is considered infectious (Other subtypes arise from mutation within the cat after infection) ([@B22]). The Nobivac feline 2-FeLV vaccine is a whole-virus, adjuvanted killed vaccine that contains FeLV subtype A/Rickard strain. PureVax recombinant FeLV is a nonadjuvanted, canarypox virus-vectored vaccine that contains the pol and env proteins of the FeLV subtype A/Glasgow-1 strain. The envelope proteins of Nobivac feline 2-FeLV and Purevax recombinant FeLV contain amino acids that differ significantly from the envelope protein of the challenge strain FeLV subtype A/61E (data not shown). Thus, the challenge for both vaccines would be considered a heterologous challenge.

The requirement for virus-neutralizing antibodies for protection from FeLV is controversial. The passive transfer of virus-specific antibodies has been shown to provide protection against disease after FeLV exposure ([@B23]). Other studies have shown that the development of virus-neutralizing antibodies after FeLV exposure may be important in long-term FeLV challenge outcomes. In one study, high titers of virus-neutralizing antibodies developed in challenged cats that were able to overcome infection but not in challenged cats that became persistently viremic ([@B24]). In this same study, the development of cytotoxic T lymphocytes (CTLs) occurred before virus-neutralizing antibodies, and the adoptive transfer of these CTLs was able to lower the FeLV viremic load ([@B24]). This lends support to the fact that other immune mechanisms may be involved in protection against FeLV. This is highlighted in a previous study in which vaccination with a DNA construct vaccine containing env/gag/pol and a gene adjuvant containing interleukin 12 (IL-12) and IL-18 conferred protection against FeLV challenge without the development of virus-neutralizing antibodies until after challenge ([@B25]). Thus, the development of detectable levels of IgG seen in this study with Nobivac feline 2-FeLV prechallenge may or may not have significance compared to the PureVax recombinant FeLV vaccinated or control groups, which did not develop detectable levels of IgG. The IgG ELISA data should be evaluated in combination with the PCR data, persistent antigenemia data, and challenge outcome to compare efficacies of the vaccines.

The limit of detection for viral RNA and proviral DNA in this study, at 1,000 copies/ml and 400 copies/ml, respectively, was similar to other studies. This similarity includes studies detecting the proviral DNA load from 5 copies of DNA in qPCR and 5 proviral copies/10^6^ cells to 1,150 RNA copies/ml and 2,250 viral RNA copies/ml of plasma ([@B8], [@B18], [@B26]). Caution should always be used when comparing results across different studies, as different PCR techniques may be employed at different facilities. However, based on the limits of detection of the assays used in this study, it can be concluded that the sensitivity of this assay was high, consistent with other PCR assays for FeLV virus detection, and even very low limits of viral integration and replication were detected.

Previous studies have shown that vaccination does not confer sterilizing immunity, and no vaccine to date has been shown to completely prevent proviral DNA integration and plasma viral RNA circulation after challenge. However, the concentration of viral RNA and proviral DNA, the duration of active infection as detected by PCR, and the degree and length of persistent antigenemia are all factors that may be used in predicting the outcome of viral infection and likelihood of viral reactivation. In a study examining both naturally and experimentally infected cats, cats that were p27 antigen positive and progressively infected had significantly higher proviral DNA loads than cats that were p27 antigen negative and regressively infected. In the naturally infected cats, the mean proviral load in the regressively infected cats was 300 times lower than that in the progressively infected cats ([@B11]). This was reflected in another study, in which cats that recovered from FeLV infection had lower proviral DNA burdens than cats that were persistently infected ([@B24]).

These results are mirrored when plasma viral RNA loads are examined. In multiple studies looking at infection outcome (recrudescence) and viral RNA loads, higher viral RNA concentrations were significantly associated with viral reactivation, even more so if the cats were persistently viremic ([@B7], [@B12]). One study demonstrated differences in viral RNA concentration and infection outcome and classified the cats as regressively infected without antigenemia (median, 1.8 × 10^3^ copies/ml of plasma), regressively infected with antigenemia (median, 8.4 × 10^4^ copies/ml of plasma), or progressively infected (median, 4.7 × 10^7^ copies/ml of plasma) and correlated these outcomes to long-term (12-year) survival (Worse survival rates were seen in cats with higher concentrations of virus and antigenemia) ([@B12]). Similarly, cats that test antigen negative but remain plasma viral RNA positive may be at higher risk of FeLV reactivation than cats that become viral RNA negative ([@B8]). This positive-to-negative viral RNA status may be a result of the virus replicating initially in peripheral immune cells (such as monocytes and lymphocytes) before being contained by an effective, vaccine-induced immune response. Thus, it can be supposed that, while vaccination may not confer sterilizing immunity, viral RNA and proviral DNA concentrations as well as persistent antigenemia status should be examined when trying to determine the degree of protection that a vaccine offers from infection.

Throughout this study, Nobivac feline 2-FeLV-vaccinated cats had significantly lower proviral DNA and plasma viral RNA loads and were positive for much shorter periods of time than the PureVax recombinant FeLV-vaccinated cats. In addition, no Nobivac feline 2-FeLV-vaccinated cat ever tested positive for persistent antigenemia, while half of the PureVax recombinant FeLV-vaccinated cats were persistently viremic. A median concentration of 1.5 × 10^5^ copies of RNA/ml and 2.2 × 10^5^ copies of proviral DNA/ml was seen in the Nobivac feline 2-FeLV-vaccinated cats (with all time points except week 3 at \<1 × 10^6^ copies/ml). Median concentrations of 1.0 × 10^8^ copies of RNA/ml and 1.7 × 10^10^ copies of proviral DNA/ml were seen in the PureVax recombinant FeLV-vaccinated cats (with all cats at \>1 × 10^6^ copies/ml for the majority of the time points). In the Nobivac feline 2-FeLV-vaccinated group, 7 of 11 cats tested positive for circulating plasma viral RNA and/or proviral DNA at least once in the 3 to 9 weeks postchallenge, but only 1 of these cats remained positive for both plasma viral RNA and proviral DNA at the conclusion of testing (9 weeks). In contrast, 9 of 10 PureVax recombinant FeLV-vaccinated cats tested positive for circulating plasma viral RNA and/or proviral DNA at least once in the 3 to 9 weeks postchallenge, with 6 of these cats remaining positive for both viral RNA and proviral DNA at the conclusion of the study. Ten of 11 control cats tested positive for both proviral DNA and viral RNA at concentrations exceeding 1 × 10^6^ copies/ml for the majority of testing (median, 6.5 × 10^8^ copies of RNA/ml; median, 1.7 × 10^10^ copies of proviral DNA/ml).

From this data, it appears that Nobivac feline 2-FeLV-vaccinated cats either experienced abortive infection (in 4 cats that never tested PCR positive) or regressive infection that was contained by an effective, vaccine-induced immune response (in 7 cats that had low viral nucleic acid concentrations but were never viremic). Although long-term outcomes were not examined, these cats with low PCR loads and no persistent antigenemia might be less likely to reactivate infection and may eventually clear the infection ([@B12]). In contrast, PureVax recombinant FeLV-vaccinated cats that were PCR positive with high PCR loads (9 cats total) and were persistently (4 cats) or transiently (1 cat) viremic would be much more likely to remain progressively infected or become regressively infected, with a higher likelihood of viral reactivation ([@B12]). However, because bone marrow samples were not obtained and analyzed, the ability of the two vaccines to prevent latency cannot be established. The Nobivac feline-2 FeLV vaccine provided excellent protection in the face of a severe viral challenge accompanied by immunosuppression. Nobivac feline 2-FeLV-vaccinated cats were fully protected against persistent antigenemia and had significantly smaller amounts of proviral DNA and plasma viral RNA loads than PureVax recombinant FeLV-vaccinated cats and unvaccinated control cats. In this study, it appears that Nobivac feline 2-FeLV (a whole-virus adjuvanted killed vaccine) provided superior protection against FeLV infection compared to PureVax recombinant FeLV (a nonadjuvanted, canarypox virus-vectored vaccine). Effective vaccination is an important means of controlling FeLV, and the efficacy of the chosen vaccine should be examined closely to obtain the best protection possible.
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